examples of hierarchical multimaterial structures have been observed, including wood, nacre, and abalone shells. In these systems, synergy between domains with disparate properties leads to significant mechanical enhancement, providing, for example, strong and lightweight objects. [7, 8] The ability to produce synthetic systems based on these biological motifs would significantly impact the 3D printing field, enabling access to desirable engineering properties, such as crack resistance and impact toughness. To-date, a major challenge in realizing this goal has been the development of resins incorporating multiple photochemical reactions that allow spatial resolution and orthogonal crosslinking. The ability to control these independent processes would permit hierarchical structures with mechanically distinct and orientated domains (e.g., stiff/ flexible) to be fabricated.
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examples of hierarchical multimaterial structures have been observed, including wood, nacre, and abalone shells. In these systems, synergy between domains with disparate properties leads to significant mechanical enhancement, providing, for example, strong and lightweight objects. [7, 8] The ability to produce synthetic systems based on these biological motifs would significantly impact the 3D printing field, enabling access to desirable engineering properties, such as crack resistance and impact toughness. To-date, a major challenge in realizing this goal has been the development of resins incorporating multiple photochemical reactions that allow spatial resolution and orthogonal crosslinking. The ability to control these independent processes would permit hierarchical structures with mechanically distinct and orientated domains (e.g., stiff/ flexible) to be fabricated.
To address this challenge, techniques have recently emerged for 3D printing of a variety of soft multimaterial objects based on diverse building blocks, such as composite structures of polymer matrices with aligned filler particles, mixtures of soft and hard curing resins, and hydrogels containing live cells. This structural diversity impacts applications ranging from soft robotics to tissue engineering. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Currently, the printing of these multimaterial systems is accomplished using complex equipment with multiple single component inks, resins, or thermoplastic filaments. An additional challenge with these systems is the tendency to fail at the various material interfaces due to undesirable mechanical anisotropy. [3] In overcoming these shortcomings, Boydston and co-workers, [19] Lefebvre and co-workers, [20] as well as Lewis and co-workers [21] have developed strategies to 3D print materials with multiple mechanical responses using single resin stocks, thereby eliminating intermaterial layering. These state-of-the-art examples use grayscale irradiation for mechanical gradation, [19] programmable anisotropy of foams, [20] and two-layer direct ink writing for selective swelling. [21] However, the reliance on a single curing reaction limits the range of chemical and mechanical properties that can be achieved for these systems. The development of a rapid and continuous multimaterial printing methodology using resins based on multiple, orthogonal crosslinking reactions (i.e., radical/cationic curing) is therefore highly desirable.
The present work describes the development of orthogonal photochemistries that undergo independent A novel methodology for printing 3D objects with spatially resolved mechanical and chemical properties is reported. Photochromic molecules are used to control polymerization through coherent bleaching fronts, providing large depths of cure and rapid build rates without the need for moving parts. The coupling of these photoswitches with resin mixtures containing orthogonal photo-crosslinking systems allows simultaneous and selective curing of multiple networks, providing access to 3D objects with chemically and mechanically distinct domains. The power of this approach is showcased through the one-step fabrication of bioinspired soft joints and mechanically reinforced "brick-and-mortar" structures.
3D Printing
The ability to rapidly convert digital designs into 3D objects through direct printing is revolutionizing fundamental scientific discovery and commercial fabrication of industrial materials. [1] [2] [3] [4] [5] [6] While traditional systems print objects using a single starting material, multimaterial printing has emerged as a particularly attractive avenue to design advanced materials with unique properties (e.g., polymer-polymer composites). This interest is inspired by natural systems where numerous www.advmat.de www.advancedsciencenews.com crosslinking/photoswitching reactions upon irradiation with different wavelengths of visible light. The ability to selectively control reactions based on wavelength [22] allows materials with diverse, and spatially defined chemical and mechanical properties to be prepared. The approach, termed Solution Mask Liquid Lithography (SMaLL), takes advantage of coherent photobleaching fronts arising from the use of mixtures of photochromic molecules (solution masks) to provide rapid build rates, large depths of cure, excellent feature resolution, and 3D objects with no layering defects.
Traditional light-driven 3D printing systems employ dye molecules (i.e., Sudan dyes [23] ) to improve resolution and control cure rate. However, light attenuation from these dyes severely reduces cure efficiency and limits penetration depth, resulting in a thin zone of crosslinking, necessitating the use of moving stages for part production. The layered objects produced in this manner have pronounced defects, interfacial weakness, and corresponding nonisotropic materials properties. To overcome this inherent limitation with traditional dyes, visible photochromic molecules were examined as a novel strategy to control 3D printing. Initially, the photoswitch (1) absorbs light and inhibits the independent photoinitiating system, thereby "masking" the initiator and retarding cure. Photoswitching to the corresponding nonabsorbing (e.g., colorless) isomer (2) then occurs, resulting in a bleaching front that moves through the solution, activating the photosensitizers and allowing the curing/crosslinking process to occur through the depth of the resin. From initial experiments it was observed that irradiating optically dense photo chromic solutions, see Figure 1a , with collimated light leads to rapid and linear photobleaching fronts that, consistent with previous reports, [24] [25] [26] follow Equation (1)
where V is the front velocity, Φ is the photobleaching quantum yield, and C o is the concentration of photochromic dye. This provides excellent contrast between irradiated and nonirradiated areas, yielding desirable confinement of light. Critical to the success of SMaLL is selection of a photochromic molecule with an absorption profile that masks one or more photosensitizers ( Figure 1b ). [27] [28] [29] [30] Diarylethenes were therefore selected as an ideal photochromic platform due to their chemical stability and widely tunable photophysical properties (absorption profile, quantum yield, etc.). [31] [32] [33] To demonstrate the performance of SMaLL, a resin (G1) comprised of N,N-dimethyl acrylamide (DMA) as the monomer, 1,4-butanediol diacrylate (BDA) as the crosslinker, a xanthene derivative as the photosensitizer (HNu 535 ), and a diarylethene photoswitch, 1,2-bis(2-methyl-1-benzothiophen-3-yl) perfluorocyclopentene (DAE 530 ), as the mask was prepared and exposed to collimated green light (λ max ≈ 530 nm). As predicted by Equation (1), the front propagates through the resin with time in a linear fashion. This provides a large depth of cure (>6 cm, see Figures S14 and S16, Supporting Information) with collimated light being necessary to maintain features over this scale (>1 cm) due to focusing issues. This is in direct contrast to the uncontrolled polymerization observed in the absence of any dye or thin cures due to traditional, nonbleaching dyes when exposed to 530 nm light (Figure 1c,d) . Spatial confinement in the lateral dimension with SMaLL was further illustrated by exposure of resin G1 to collimated green light through a focusing lens. Significantly, curing traced the focal envelope of the lens leading to the formation of a cone-shaped 3D object (Figure 1e,f) . Notably, the growth of this cone, ≈2.2 cm in height, requires no moving parts and occurs with a build rate of ≈50 cm h −1 , using a narrow-band collimated green LED (450 mW cm −2 ). To print a cone of the same dimensions via a state-of-the-art UV-based inkjet printing methodology requires a build time of greater than 1 h at a build rate of ≈2 cm h −1 . Additionally, pairing SMaLL resins with a projector enabled the production of parts with a lateral resolution of approximately 100 µm ( Figure S17 , Supporting Information), on par with commercial printers. This comparison clearly demonstrates the versatility of SMaLL as a rapid, lowcost continuous 3D printing process.
A key feature of SMaLL is the continuous nature of the process, which has the potential to alleviate layering issues and nonisotropic properties. Initial examination of the surface www.advmat.de www.advancedsciencenews.com morphology of 3D objects produced by either SMaLL or traditional stereolithographic printing (SLA) techniques clearly shows the ability to produce non-layered objects using SMaLL. Scanning electron microscopy analysis of the object surfaces and cross-sections correlate closely with profilometry studies, highlighting the clear layering defects from SLA printing and the layerless nature of SMaLL (Figure 2 and Figures S18-S22 , Supporting Information). To further verify the isotropic nature of the structures afforded by SMaLL, a cube sample with 8 mm sides was printed and the mechanical properties of the object interrogated along multiple faces with nanoindentation. [34] For this sample, similar mechanical values (H = 75 ± 5 MPa; E = 1.85 ± 0.05 GPa) were obtained irrespective of the face measured ( Figure S25 , Supporting Information), indicating uniform curing in all directions, and critically, isotropic properties. [3, 35] In expanding the range of materials compatible with SMaLL, different resin formulations were examined based on changing monomers, wavelength of irradiation (470 vs 530 nm), and crosslinking chemistry (radical vs cationic; Figure 3a) . Substitution of the original monomer pair (DMA and BDA) with methyl acrylate as the monomer, and tetra(ethylene glycol) diacrylate (TEGDA) as the crosslinker, while keeping the same photosensitizer (HNu 535 ), photoswitch (DAE 530 ), and light source (λ max = 530 nm) results in a significantly softer material, G2 (500 ± 5 kPa), when compared with the original resin G1 (1.6 ± 0.3 GPa). An even greater variation in properties is realized when the curing chemistry is changed from a radical to a cationic process. To accomplish this, camphorquinone (CQ), which is capable of inducing both radical and cationic poly merizations, was examined as the photosensitizer. Various resin formulations and resultant tensile mechanical properties. a) Chemical structures for the resin components in G2, B1, and B2; b) stress-strain plots of stiff samples cured using green (G1) and blue (B1) light (using digital image correlation); c) stress-strain plots of flexible samples cured using green (G2) and blue (B2) light.
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As the λ max for CQ is ≈470 nm, a different photoswitch, 1,2-bis(3-methyl-1-benzothiophen-2-yl)perfluorocyclopentene (DAE 470 ), with an absorbance profile that masks CQ was employed. Irradiation with blue (470 nm) light now allows efficient cationic crosslinking of an epoxy-based resin, B1, containing (3-ethyloxetan-3-yl)methanol (OXA) and 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (ECC). Alternatively, a vinyl-based resin B2 could also be formulated from butyl acrylate and TEGDA under the same photoswitch/photosensitizer pair, leading to radical curing. These blue-cured resins, B1 and B2, were shown to have substantially different mechanical properties, with B1 being stiff (E ≈ 3.5 ± 0.6 GPa) and B2 giving soft and compliant materials (E ≈ 100 ± 15 kPa; Figure 3b ,c). This dual radical/cationic curing with CQ and the ≈4 orders of magnitude variation in moduli clearly highlights the versatility of SMaLL as a methodology to print 3D objects with a range of mechanical properties through wavelength-selective activation of commercially viable monomer systems. Additionally, it was demonstrated that SMaLL resins can be used in conjunction with a moving stage to afford 3D objects with increasing complexity, which suggests facile integration into preexisting dynamic 3D printing technologies (e.g., SLA; Figure S23 , Supporting Information).
To generate multimaterial 3D objects with predefined and spatially resolved chemical and mechanical domains, resins G2 and B1 were combined in a 1 to 3 ratio (G2:B1), resulting in a resin containing multiple monomers (MA and OXA), crosslinkers (TEGDA and ECC), photosensitizers (HNu 535 and CQ), and masks (DAE 530 and DAE 470 ; full resin formulation details included in the Supporting Information). With this formulation, wavelength-selective photocuring could be achieved. Initially, irradiation with blue light led to the formation of an interpenetrating network with undesirable microphase separation, indicated by an opaque product. To address this issue, a small amount (≈2.5 wt%) of dual-functional monomer, (3-ethyloxetan-3-yl)methyl acrylate, was introduced to the formulation, leading to hybrid acrylate/epoxy (radical/cationic) curing and covalent coupling between the different networks, arresting phase separation. [36] In contrast to irradiation with blue light (470 nm), exposure to green light (530 nm) led to acrylate (radical-only) curing and a substantially different material, schematically shown in Figure 4a . Specifically, the blue-cured material had a modulus 5 orders of magnitude greater than the same initial resin formulation cured with green light, while the green cured samples had an elongation at break that was approximately 200 times longer than the dual crosslinked systems Figure 4 . a) Schematic of resulting network structure when the resin combination, B1 and G2, is exposed to blue or green (470 or 530 nm) light: blue exposure leads to dual radical and cationic curing, while green exposure results in only radical crosslinking; b) solid-state 13 C CP-MAS NMR spectra of blue and green cured samples after washing to remove residual monomer. www.advmat.de www.advancedsciencenews.com prepared via irradiation with blue light ( Figure S30 , Supporting Information). To further characterize the chemical selectivity of SMaLL, solid-state 13 C-NMR spectroscopy (CP-MAS) was performed on purified multimaterial samples prepared from 1:1 B1(epoxy):G2(acrylate) resin mixtures. As seen in Figure 4b , no epoxy signals centered at 70 ppm were observed for the sample cured with 530 nm green light, indicating excellent orthogonality and wavelength selectivity for cationic crosslinking, while irradiation with 470 nm blue light revealed resonances for both the epoxy and vinyl networks. This striking disparity in properties, achievable from a single photocurable resin mixture using irradiation with different wavelengths, provides an avenue toward spatially resolved objects with 3D defined domains of tailored chemical and mechanical composition.
For multimaterial design, bioinspired systems containing hierarchical patterns of materials with dissimilar properties were then targeted for evaluating the range of substructures that SMaLL could print. [7, 8] Two motifs found in natural systems that are challenging for 3D printing are soft joints and brick-and-mortar structures. [37, 38] The potential of soft joint fabrication using SMaLL was initially demonstrated through the fabrication of a butterfly template having stiff and structural "wings" and "body" separated by soft and flexible joints ( Figure 5) . Significantly, this bioinspired 3D printed object could be fabricated in a single step from the 3:1 B1:G2 resin mixture in only 10 min. Upon application of tension to the "wings," local strain and flexing is observed selectively in the flexible, acrylate-based joint regions while the body and wings remain rigid due to the stiff epoxy domains (white arrows Figure 5d ) (a video of this behavior can be found in the Supporting Information). The bonding between material interfaces in these one-step SMaLL objects also leads to robust mechanical fatigue resistance with repeated cycling and stretching (>100% strain) providing impressive energy dissipation and having no discernable impact on these soft joints, which highlights the benefits of linking mechanically distinct domains in 3D printing ( Figure S31 , Supporting Information). Furthermore, under extreme strains, failure does not occur at the interface, illustrating the beneficial interwoven nature of the multimaterial objects ( Figure S32 , Supporting Information).
The versatility of SMaLL was further demonstrated via the fabrication of brick-and-mortar structures with unique mechanical properties that inhibit crack propagation and fracture. To illustrate the toughening of multimaterial objects containing hard bricks in a continuous soft matrix, a design of stiff (blue) bowties embedded in a matrix of elastic (green) material was printed in a single step using the same 3:1 B1:G2 resin (Figure 6 ). Once dried, the printed object shows intermaterial spacing of 200 µm, which allows the individual bricks to interdigitate ( Figure S33 , Supporting Information). Under tension, it was noteworthy to observe that the straining of the elastic matrix causes the stiff bowties to lock against one another, resulting in novel synergistic interactions when compared with objects fabricated from the individual starting materials. As a result, the bricks "lock" and the path of crack propagation is tortuous ( Figure S34 , Supporting Information), following the mortar-bowtie interface (Figure 6e) , with the toughness nearly doubling from the point of initial failure (≈39 kJ m −3 ) to the point of ultimate failure (≈77 kJ m −3 ). In contrast, when the stiff domains are removed the resulting structure is ≈2 orders of magnitude less stiff and shows no post-failure toughening, which illustrates the synergistic multimaterial properties that are now accessible using SMaLL. Figure 6 . Multimaterial printing of brick-and-mortar structures: a) digital image with blue bowties correlating to stiff regions within a compliant green matrix; b) optical microscopy image of a dried dogbone sample; c,d) optical microscopy images of the sample before and after applied tension, showing "locking" behavior between bowtie "bricks"; e) tensile measurement of the bowtie sample with toughening due to the sacrificial breaking of soft mortar between the stiff bricks (failures denoted by arrows). In summary, we have developed a novel 3D printing method, SMaLL, for the fabrication of unique structures with mechanically and chemically distinct regions. By using tunable, visible wavelength photoswitches, in combination with orthogonal crosslinking reactions, a single resin formulation can be employed for the facile, one-step printing of complex, bioinspired structures. Performance and build rates were significantly enhanced compared with traditional techniques such as SLA. The fabrication of soft joints and brick-and-mortar architectures showcases the utility of SMaLL for printing novel all-polymer composites with well-defined regions of different mechanical and chemical properties. Ongoing research includes the in-depth characterization of multimaterial interfaces produced by SMaLL and the optimization of multimaterial resin curing using dynamic printing processes to access more advanced hierarchical 3D structures.
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